Growth of Methanococcusjannaschii over a wide temperature range (47 to 75°C) is correlated with an ability to alter dramatically the proportions of three ether lipid cores. These lipids shifted from predominantly diether (2,3-di-0-phytanyl-sn-glycerol) at the lower growth temperatures to macrocyclic diether and tetraether at near optimal growth temperatures. Lipid head groups varied as well, especially with respect to an increase in phosphate at the higher temperatures.
because many archaeobacteria are limited in growth to the mesophilic range. However, changes must occur within the membrane lipids of thermophilic archaeobacteria to allow the maintenance of essential membrane properties during large temperature fluctuations. One such change noted in Caldariella acidophila in response to rising growth temperatures was an increase in pentacyclic rings in the C40 chains of tetraether lipids (3) .
In methanogens, it is unknown how membrane lipid synthesis responds to variations in growth temperature. With the recent discovery of specific hydroxylations in diether lipid cores (7, 21) and the presence of tetraether lipids in some species (22) , it appears that most, if not all, methanogens have the capability of synthesizing more than one core structure. This allows the possibility for alterations in the proportions of the core lipids as needed. Here, we document the structures of three core lipids in Methanococcus jannaschii, a submarine hydrothermal vent isolate (11) , and show dramatic shifts in their proportions in cells grown at various temperatures.
M. jannaschii was obtained from the German Collection of Microorganisms, Gottingen, Germany, as DSM 2661. Growth was conducted in either 100-ml (in 1-liter bottles) or 10-liter (in a 19-liter fermentor) aliquots of defined medium under an atmosphere of C02-H2 (1:4, vol/vol) as described previously (10) . Lipids were labeled by including 10 ,uCi of [2-14C] mevalonate salt (50.1 mCi/mmol) in 100 ml of medium (21) just prior to inoculation. Inoculum consisted of cells grown to mid-exponential phase at the appropriate growth temperature. Cultures were pressurized twice daily to 10 lb/in2 with a C02-H2 gas mixture and incubated at various temperatures with shaking at 120 rpm. Cells were harvested in early stationary growth phase and stored at -20°C.
[14C]mevalonate-labeled cells were washed and fractionated into cold CCl3CO2H-soluble (cell pool), alcohol-plusether-soluble (lipid), hot CCl3CO2H-soluble (nucleic acid), and residue (protein-rich) fractions, as described elsewhere for Methanococcus voltae (5 Lipid cores were purified for structural determination from polar lipids precipitated with acetone from the total lipids extracted from cells grown at 65°C. Lipid head groups were removed as described previously (8, 9, 14) with 48% hydrofluoric acid (0°C, 16 h, taken to dryness over 6 to 7 h with N2 at 48°C) followed by a 2.5% methanol-HCl solution (70°C, 2 h). The core lipids, so generated, were partitioned into petroleum ether, dried under an N2 stream, and resuspended into a known volume of chloroform. Core lipids were separated by TLC (described above), detected with I2, and recovered from the adsorbent in chloroform-methanol (2:1, vol/vol).
Carbohydrates (16) (17) , and macrocyclic diether lipids were prepared from M. jannaschii (10) . The source of materials used in this study was reported previously (10).
Comita et al. (2) reported that the hydrophobic lipid cores of M. jannaschii consist primarily of a macrocyclic diether and small amounts of the diether first found in extreme halophiles (13) . These structures (Fig. 1) were confirmed here and previously (10) , by 13C DEPT spectra and optical rotation measurements, to be 2,3-di-O-phytanyl-sn-glycerol (diether) and 2,3-di-O-cyclic-biphytanyl-sn-glycerol (macrocyclic diether). Molecular weights were found to differ by 2 protons (650 and 652), providing final confirmation.
TLC patterns clearly showed that a third core lipid was synthesized by M. jannaschii with an Rf value identical to the tetraether standard prepared from M. hungatei (Fig. 2) .
A 13C DEPT spectrum of this purified lipid was identical to those of the macrocyclic diether (10) and of tetraether from M. hungatei (6), strongly indicating the compound to be a tetraether core lipid. The 2,2',3,3'-dibiphytanyl-sn-diglycerol tetraether structure shown in Fig. 1 was confirmed by its molecular weight measurement of 1,300 and molecular rotation of +102 degrees (+110 reported in reference 17). Another thermophilic methanogen isolated from hydrothermal vent sediment and grown at 75°C was found to contain these same three lipid cores (12) . A minor unknown component with an Rf of 0.42 accounted for <5% of the lipid cores at all growth conditions tested and was not studied further.
[14C]mevalonate was incorporated with a high uptake efficiency of 27% from the medium (pH 6.0) during growth to the early stationary phase at 65°C. Of the label taken up, 78% (Fig. 2) . Radioactivity remaining at the origin accounted for 10 to 15% of that spotted, probably representing unhydrolyzed polar lipid, lipid degradation products, or nonlipid, and was deleted from calculations of core lipid distribution. The relative amount of each lipid as quantitated over a 30°C range is shown in Fig. 3 . Error bars represent three separate growth studies at each temperature; variation within any repeated analysis of a single extract was small, usually <5%. Clearly, the predominantly diether lipid membrane of M. jannaschii grown near the lower temperature limit shifted at the higher growth temperatures to contain predominantly macrocyclic diether and tetraether lipids. A cyclization of the chains would tend to decrease their freedom of motion and presumably contribute at elevated growth temperatures to an acceptable membrane fluidity. The elevated content of C40-tetraether lipid should stabilize the membranes at higher temperatures by forming covalently bonded bilayers (monolayers) that span the cytoplasmic membrane. Evidence has been presented for such a membrane spanning monolayer organization of the C40-tetraether lipids in the thermoacidophilic Sulfolobus sulfataricus (4), but similar evidence is lacking thus far for the methanogens. Inoculum grown at 50°C to the mid-exponential phase exhibited a 4-to 6-h lag period prior to the initiation of growth at 70°C. This lag was absent when the inoculum consisted of cells grown at 70°C. The proportion of each core lipid was determined at various times after the shift from 50 to 70°C (Fig. 4) . Prior to the initiation of growth, diether lipids declined and both macrocyclic diether and tetraether lipids increased to reach approximately equal proportions (Fig. 4A) . During the exponential growth phase, this trend continued until the same proportions of core lipids were found as had been found in the control cells (Fig. 4B) . These data provide strong correlative evidence linking the predominance of both macrocyclic diether and tetraether lipids to growth at high temperature.
The temperature of growth affected greatly neither the total lipid content of the cells (Table 1) nor the ratio of polar to neutral lipids. At 44°C, the neutral fraction was 8% of the total lipids and increased for the extracts shown in Fig. 3 to 14% at 750C. The correlation coefficient for this data was only 0.57 by linear regression analysis.
Only one of the diether and four of the macrocyclic diether polar lipids of M. jannaschii have been characterized fully (10) . Autoradiograms of two-dimensional TLC plates revealed a complex pattern with greater than 30 polar lipid spots. Polar lipids from cells grown at 780C were more numerous than from cells grown at 47°C (not shown). This correlates with an increase in phosphate (Table 1) as expected from the increased abundance of the tetraether core, considering that tetraether lipids of other methanogens are largely phospholipids (17, 19) . A eubacterial thermophilic Thermus sp., growing at its upper growth temperature, differed in having an elevated glycolipid level, with little change in phospholipid content (20) . In the case of M. jannaschii, large structural changes in the lipid cores may obviate the need for a similar head group modification.
Fred Cooper provided expert analysis of lipid cores by mass spectrometry, and we thank Kratos Analytical, Ramsey, N.J., for the mass spectrum of the tetraether. Elemental analyses were conducted by A. C. Webb, and the cell biomass was grown, in part, by K. M. Shaw. 
